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ABSTRACT

The retention of 39 molecular probes was measured on chemically bonded dense layers of (3,3-dimethylbutyl)dimethylsiloxy (DMB)
and tetradecyldimethylsiloxy (C,,) substituents on silica as a function of the composition of the binary acetonitrile-water eluent. The
sign of the “associated system peak” was also noted. The composition dependence of retention, measured as area1 retention volume,
could be described on both non-polar stationary phases by the two-parameter Snyder-Soczewinski equation and by the three parameter
Schoenmakers equation in a broad but restricted composition range. The area1 retention volume on the surface with grafted alkyl chains
was equal to or higher than that on the non-swellable, smooth, non-polar DMB surface. Additional retention on the C,, surface
increased with increasing adsorption force (retention) on the DMB surface and it was a function of the composition of the eluent. A
possible interpretation of the sign of the “associated system peak” generated by the injection of a pure solute is also given in terms of
solvation of the solute in the mobile phase and in terms of the modification of the non-polar adsorbent by the adsorbed solute.

INTRODUCTION

The problem of the effect of surface-bonded alkyl
chains on retention will be addressed by comparing
retention data measured on a tetradecyldimethyl-
siloxy (Ci4)-covered silica with those measured on a
surface covered with a dense layer of (3,3-dimethyl-
butyl)dimethylsiloxy (DMB) substituents, depicted
in Fig. 1. Several arguments speak in favour of the
use of this special pair of adsorbents together with
acetonitrile-water (AN-W) as a binary eluent for
the study of this problem. First, with the corre-
sponding dimethylaminosilanes as silylating agents,
reproducible, dense layers of Cl4 and DMB can be
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grafted on widely differing silicon dioxide prepara-
tions [l]. Second, the excess adsorption isotherm
from acetonitrile-water mixtures is nearly the same
at the liquid-(& and the liquid-DMB interface, as
shown in Fig. 1 [2]. Third, the suitability of the
DMB-covered surface as a smooth, non-swellable,
non-polar standard has already been demonstrated
by wetting experiments [3,4].  In fact, the DMB layer
doubly shields the underlying matrix. The first dense
layer formed by the methylenedimethylsiloxy base
of the substituent implies a second dense layer
formed by the tert.-butyl  umbrella of the 3,3-di-
methylbutyl group. Fourth, tetradecyldimethylsil-
oxy graft was preferred in this study to the widely
used octadecyldimethylsiloxy (C, s) graft because
latter shows a quasi-liquid-solid transition around
20°C. The corresponding transition of the Cl4 phase
is around 0°C.

On the basis of these premises, differences in
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Fig. 1. Excess adsorption isotherms of water at the liquid-solid interface between acetonitrile-water as binary eluent  and a dense layer of
(0) (3,3-dimethylbutyl)dimethylsiloxy  (DMB)-  and (a) tetradecyldimethylsiloxy (CJ-covered  silica as solid adsorbent as a function of
the volume fraction of water, cpw. Adsorption isotherms are given in terms of volume adsorbed per unit surface area with reference to the
vNA Gibbs convention, i.e., nothing is adsorbed in terms of volume (XYilvNA  = 0).

retention on the Cl4 phase compared with those on
the DMB standard at the same AN-W eluent
composition can be clearly attributed to the presence
of the Cl4 chains at the surface if retention is
expressed using a column-independent intensive
quantity. Consequently, following the proposal of
Kiselev and Yashin [5], retention data will be given
as area1 retention volumes, Vs (pi/m’ = nm), derived
from a net retention volume which is in accordance
with Gibbs’ description of excess adsorption at the
liquid-solid interface [6,7]. Arguments in favour of
the area1 retention volume and the unsuitability of
the widely applied capacity factor, k’, are expressed
hereafter (see below).

Successful application of adsorbents with grafted
n-alkyl chains in liquid-solid chromatography has
largely stimulated the study of their adsorption
properties. Primitively, they have been considered as
solids covered with a chemically immobilized liquid
monolayer at their surface. Early investigations
have demonstrated that retention increases with
increasing “carbon loading”, i.e., on grafts with
longer chain length and/or increasing density (ligand
surface concentration) of the surface layer [8-211.
Unger and co-workers [22,23]  were the first to point

out that retention must also depend on the available
surface area of the stationary phase in the column, S,
and proposed to examine the dependence of log(re-
tention/S) as a function of the chain length of the
graft. It has been shown that this normalized
logarithmic retention is a linear function of the chain
length and/or the carbon content per unit surface
area. The drawback of these and subsequent studies
had been the use of ill-defined or incompletely
surface-substituted adsorbents. Scott and Kucera
[I l] demonstrated the lack of correlation between
retention and surface coverage or chain length for
commercial adsorbents. In several studies, labora-
tory-made silica-based alkyldimethylsiloxy-covered
adsorbents have been applied, but surface treatment
was made with inefficient silylating agents such as
chloro- or methoxyalkyldimethylsilanes. With such
agents, the ligand surface concentration decreases
with increasing chain length of the alkyl substituent.
It has been shown that retention increases with
increasing chain length of the graft up to about ten
carbons, then retention levels off for longer alkyl
chain grafts [24].  This type of dependence may be
due to the combined effect of increasing chain length
and, parallel to that, a decreasing surface coverage.
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Lork [25]  confirmed this dependence on a series of
stationary phases with constant but very low (r,,,  =
2.1 pmol/m2) area1 concentration of the alkyldi-
methylsiloxy graft. In fact, the surface concentration
amounted to about 60% of that obtained with alkyl-
dimethyl(dimethylamino)silane as silylating agent
[l]. This general picture is even more confusing
considering the observation of several workers that
the nature of the function describing the dependence
of retention on chain length or on area1 concentra-
tion of the graft is different for different types of
solutes [26,27].

In summary, despite numerous efforts to measure
and understand the influence of the chain length and
area1 concentration of the grafted chains, interpreta-
tion of the results of these studies is difficult.
Experiments have always been conducted either on
incompletely silylated surfaces or on surfaces where
the area1 concentration of the alkyl graft depended
on the chain length. Even on surfaces with the
densest layers, silanol groups contribute to adsorp-
tion. In Fig. 1 the slight positive water adsorption at
low water concentrations has been shown to be due
to specific adsorption of water on silanols “visible”
across the graft by the small water molecule [2].
Therefore, incompletely silylated silica is certainly a
heterogeneous adsorbent, hence it is not surprising
that the area1 concentration of the graft influences
retention. Also, it is unfortunate that retention has
generally been reported in terms of the capacity
factor, k’, which is essentially the relative retention
of the solute referred to that of a solute believed to be
unretained. Considering the multitude of “unre-
tained” solutes proposed and applied in these stud-
ies, one has to conclude that the capacity factor only
allows comparison of retention data obtained in one
study by a given worker on a given column at a given
eluent composition. It is important to note that
capacity factor is not an intensive quantity even if
the zero retention is determined relative to a hold-up
volume defined by a given Gibbs convention.

The aim of this paper is to report retention data of
a series of solutes of differing polarity on two
silica-based adsorbents covered with a dense, chemi-
cally bonded, non-polar monolayer, one with and
the other without grafted Cl4 alkyl chains. Reten-
tion will be given as area1 retention volume referred
to the BET surface area of the stationary phase in the
column.

THEORETICAL BACKGROUND

The relationship between adsorption and reten-
tion in liquid-solid chromatography with binary
eluents has been treated extensively [6,7,28].  In this
section will be summarized the underlying principles
and the necessary equations for the evaluation and
interpretation of the experimental data.

The Gibbs convention
Mixtures of non-electrolytes are nearly ideal

concerning the additivity of the volume of the
components, i.e., the partial volumes can be equated
to those of the pure components with sufficient
precision. Therefore, the mass balance of a compo-
nent, i, in the column at equilibrium with a multi-
component mixture can be replaced by the volume
balance

VK,i  = rPiVp/CX  + SYi/cX (1)

where Vx,i  is the total material content of compo-
nent, i, in terms of volume at adsorption equilibrium
under isocratic conditions (the isocratic capacity, x,
of i), vi is the volume fraction of i in the bulk liquid
(eluent), VMlcx is the volume of the eluent in the
column (r_l:  mobile phase), S is the surface area of the
adsorbent and Yi/cx is the adsorbed volume of
component i per unit surface area. The bulk liquid
volume and the adsorbed volume are defined quan-
tities only if a “convention” is agreed upon (CX:
Convention X). For a system consisting of a binary
eluent of components A and B and a solute (su),
eqn. 1 represents three independent relationships
with four unknowns, VplCx,  YA,CX, YB,CX and YsU,cx.
Following Gibbs’ proposal, a convention has to be
stated in order to obtain the fourth equation. For
several reasons the convention expressed in eqn. 2 is
particularily attractive:

c yi,vNA  = 0 (2)

i.e., the sum of the adsorbed amount in terms of
volume is zero. This convention is named the
vNA-convention;  Nothing is Adsorbed in terms of
volume. Obviously, with this convention the total
liquid in the column is considered as the mobile
phase and eqn. 3 holds:

Vc/tot = Vw,vNA (3)

where V*/“NA is the hold-up volume. This hold-up
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volume is independent of the eluent composition if
the partial molar volumes of all components in the
mixture as well as in the adsorbed state are equal to
the molar volume of the pure components.

Retention
With a binary eluent, A/B, the retention volume,

VRTI,  of a component, i (= su, A, B), is given by [2,6]

where the superscript zero refers to concentrations
at equilibrium in the column before injection. Com-
bination of eqns. 1, 3 and 4 gives the retention
volume of a solute, su:

%I -+ 0 (5)

and the retention volume of the injection of compo-
nent A or B of the binary eluent:

vR.A =  VR.R =  VJ,,VNA +  s

called the system peak (SP) or concentration peak.
Application of eqn. 4 to labelled components of the
eluent, A* and B*, and combination of the results
give the necessary relationship for the experimental
determination of the hold-up volume:

Vp,vNA  = (PA VR,A* + (PI3  VR,B* (7)

The hold-up volume, VPIVNAr  has been shown to be
independent of eluent composition [2,29].  Its knowl-
edge allows the calculation of the net retention
volume:

VN,su/vNA  -- vR,su  - Vp/~NA (8)

The area1 retention volume is defined as

V
1

S.su/vNA =  -S
(9)

The area1 retention volume, VS,su,vNA,  can be
identified as the slope of the area1 excess isotherm of
the solute at the eluent composition. It is an inten-
sive, model-independent characteristic of solute re-
tention. It is related to the solute adsorption equilib-
rium at the eluent composition, qz, and as such it
can be a positive or a negative quantity. This
representation of solute retention does not suppose

the existence of any autonomous liquid stationary
phase, and implies that solute retention in liquid-
solid chromatography is an interfacial phenomenon
necessarily proportional to the extent of the ad-
sorbent surface area in thecolumn, S. Obviously, the
determination of S requires the use of a non-chro-
matographic technique. Nevertheless, using this
representation, area1 retention volumes are indepen-
dent of column construction and adsorbent mor-
phology. Hence they allow comparison of retention
data between different laboratories.

Capacity ,fbctor
The widely used capacity factor of a solute, ki,, is

the ratio of a reduced retention volume, VN,su, and
the retention of a substance believed to traverse the
column with the same velocity as that of the mobile
phase, VO:

kg,  = ““w- vO _ vN,su
0 vo (10)

Obviously, the capacity factor is not suitable to
report system-independent retention data, for sev-
eral reasons. When using eqn. 10, it is believed that
V. is a correct hold-up volume equal to the volume
of a mobile bulk liquid in the column. However, in a
liquid-solid adsorption system there is no possibility
of identifying a liquid of bulk composition and a
distinct layer at the interface having a different
composition. Therefore, the proposal to determine
the hold-up volume by injection of a “non-ad-
sorbed” component leads to a wide variety of
hold-up volume definitions. Hold-up volume differ-
ences of up to 100% can be found following different
methods proposed for its determination [6,7,11,23,
30-351.  Moreover, this hold-up volume also includes
column tubing contributions making it dependent
on the actual measuring system. Even if everyone
agreed to report capacity factors using a hold-up
volume belonging only to the column and referring
to a given Gibbs convention (e.g., V. = Vv,vNA)r the
reSUlthg  kLujvNA would still not be an intensive
property of the solute. In fact, the net retention
volume, VN,F~,NA, is proportional to the surface area
of the adsorbent but the hold-up volume, Vu,VNAr  is
not. As an example, in two columns of similar
volume packed with two adsorbents having surface
areas of S and 2S, the net retention will differ by a
factor of 2 whereas the hold-up volume may be
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about the same. For reasons outlined above, it is
proposed that liquid chromatographic data be re-
ported in terms of area1 retention volumes instead of
the capacity factor.

The capacity factor or “mass distribution coeffi-
cient” is defined as the ratio of the amounts of solute
in the stationary phase and in the mobile phase.
Based on this definition, the capacity factor related
to the vNA convention, k&.,, can be interpreted as
follows. The relationship of eqn. 9 between the
adsorption isotherm of the solute, YYsulvNA,  at the
eluent composition cpi and its concentration in the
eluent can be written as

VN,su/vNA/S  =  ~s~/~NAhsu; ?su + 0 (11)

In fact, the value of the derivative of the solute
isotherm, Ysu,vNA(~su)r with respect to the volume
fraction of the solute is equal to the ratio given in
eqn. 11 at cpsu  + 0. Use of the experimental definition
of the capacity factor given in eqn. 10 with V,, =
Vp/VNA  and eqns. 1, 8 and 11 gives

khujvNA  = VN*sul”NA = S~sulvNA
=

V1rlvN.4 %u  vp/vNA

=su,vNA

VI(,SU - Sysu/vNA
(12)

Eqn. 12 shows that this capacity factor is the ratio
of the excess adsorbed amount of the solute (ex-
pressed as volume) and of the non-adsorbed part
contained in the total liquid volume [36].  The excess
adsorbed amount of the solute, and hence also the
capacity factor related to the vNA convention,
k&A, can be positive or negative.

Area1 retention volume, capacity factor and distribu-
tion coefficient

The relationship between the capacity factor and
the area1 retention volume referring to the vNA
convention is obtained from eqns. 9 and 10 to give

s v -k’ vS,su/vNA - su/vNA j+NA (13)

the link being given by the adsorbent surface area
and the hold-up volume. With the necessary changes,
eqn. 13 is of general validity for any hold-up
definition.

Unlike the capacity factor, the distribution coeffi-
cient of the solute, Kb,,,, defined as the ratio of the
solute concentration near the interface and that in

the bulk liquid, would be a correct intensive quantity
to characterize solute retention. However, with
convention vNA it is meaningless. In fact, Gibbs’
interpretation of adsorption by defining excess
quantities is not a model, it does not locate anywhere
the adsorbed excess of the solute and it does not
define any liquid stationary phase. Application of
the vNA (or any other) Gibbs convention does not
allow the calculation of a distribution coefficient,
KD,suivNA, because only knowledge of an adsorption
excess isotherm does not permit the calculation of a
local concentration near the interface.

In order to compare our data with literature
values, a retention volume is needed that permits the
calculation of a distribution coefficient. This can be
found by introducing an unusual Gibbs convention
as follows. As has been shown, if the partial molar
volumes of eluent components in both the bulk
liquid and the adsorbed state are the same as their
molar volume in the pure state, the hold-up volume,
V,,,.,NA, is equal to the volume of the total liquid
phase in the column. Let us now define a film of
thickness r parallel to the surface of the adsorbent as
stationary phase, designated by 9, and attribute all
adsorption to this film of uniform composition.
Applying this r convention, derived from the vNA
convention, the volume of the stationary liquid, Vslr,
is equal to TS. The remaining volume of the total
liquid is now considered as the mobile phase, and
consequently the hold-up volume is given by

v,,,r = V,I,VNA  - 7s (14)

i.e., it is defined with reference to the hold-up
volume, VP;IVNA. The necessary relationships for the
calculation of the corresponding area1 retention
volume, VS.,,/,, the related capacity factor, k:,,,, and
the distribution coefficient, Ko,,,,,, are as follows:

VS.su/r  = VS,su,vNA  + 7 (15)

vS,su/vNA  +  7
k’uir = (V,+NA/S)  - T (16)

KD,su/r =  Ku,,  V@,T/  vs/z =  1 +  vS,su,vNA/7 (17)

On the area1 retention volume scale, transforma-
tion of the vNA convention to the 7 convention
represents a simple shift by the arbitrarily chosen
layer thickness, 7. On the capacity factor scale,
however, not only the zero point but also the units
change owing to such a transformation, as illus-
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Fig. 2. Illustration of eqns. 14-17 on a hypothetical example
where cp*  = (me  = 0.5. In this case the hold-up volume, Vp,.na,  is
exactly mid-way between the retention volumes of the labelled
components of the binary eluent, VR_p  and VR,Be. The scale of the
capacity factor, k&uA, is related to this hold-up volume. The
volume of the hypothetical stationary phase, Vsir = rS, is deduced
from the total mobile phase volume, VpIYNA,  to give a new
hypothetical mobile phase volume, V,+, which is the unit of the
second capacity factor scale, k&.

trated in Fig. 2. For a solute having zero excess
adsorption, VS,~~/~NA is equal to zero. Such a solute
has a uniform concentration in the whole liquid
phase (“mobile, p” and “stationary, 9”) and eqn. 16
gives KU,,  = VS,J  VPiry the phase ratio, and eqn. 17
gives KD,,,,,  = 1.

Choice of the stationary layer thickness, z
For the columns applied in this study a column

hold-up volume corrected for the extra-column
volumes of tubings and connections was measured
and reported in ref. 2 to give VpIVNA  = 2.1-2.3 ml.
The surface area of the adsorbent in the column was
around S = 340 m2, giving a liquid volume per unit
surface area of V,,IVNA/S  x 6.5 pl/m2 E 65 A. Obvi-
ously, to avoid negative mobile phase volumes, the
value of the thickness, t, must be less than 65 A. On
the other hand, there is also a lower limit of the layer
thickness to ensure that surface concentrations are
always positive and monotonously increasing func-
tions of bulk concentrations, which is a thermo-
dynamic necessity [7].  This minimum thickness is
about 15 A in AN-W mixtures on both surfaces (Cl4
and DMB) as shown by the corresponding excess
adsorption isotherms [2].  In conclusion, a value of
I5 A is proposed for r. With this layer thickness, the

volume of the stationary phase in our columns is
V&S = 1.5 pl/rn’  and that of the mobile phase
V,,,JSz  6.5 - 1.5 = 5.0 @/m2,  both referred to unit
surface area, to give a phase ratio of V& VG,T z 0.30.
As an example, for a solute retained with VS,~~,~NA  =
2.0 pl/m2, the fraction in the r interfacial layer is
41% of the total.

Obviously, the choice of the thickness r = 15 A is
only valid for the actual working system, i.e., AN-W
binary eluent mixtures on DMB and Cl4 surfaces. In
other systems the choice of a different thickness may
be necessary.

Concluding remarks
It should be emphasized that the introduction of

the r convention was simply a device to enable
literature proposals to be applied for the description
of the composition dependence of retention. In fact,
these proposals are based on models assuming the
existence of a stationary phase of given volume.
Such a model implies that negative net retention
volumes do not exist and leads to equations relating
the logarithm of net retention to the eluent composi-
tion. It was therefore necessary to transform the
area1 retention volumes related to the vNA conven-
tion (which permits negative values) to area1 reten-
tion volumes referred to an appropriate r conven-
tion which excludes negative values, Actually, the
minimum of such a layer thickness identified as the
minimum slope of the binary excess isotherm, and
this choice implies that area1 retention volumes of
any solute calculated with the corresponding hold-
up volume are never negative. This statement re-
mains valid as long as the binary adsorption equilib-
rium is not considerably altered by the solute, which
is always supposed to be present in infinite dilution.
All solutes used in this study fulfilled this require-
ment, and consequently eqn. 17 for the calculation
of a distribution coefficient will always be applic-
able.

EXPERIMENTAL

Materials
The precipitated silica for the preparation of the

stationary phases was LiChrosorb  Si 100 from
Merck (Darmstadt, Germany) with a nominal par-
ticle diameter of 10 pm and a pore diameter of 100 A.
Nitrogen adsorption isotherms were measured at
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77 K. BET evaluation of the isotherm in the relative
pressure range 0.05 < P,/P, c 0.23 gave a specific
surface area of s = 298 + 3 m2/g (average of three
determinations). Nitrogen for adsorption experi-
ments (99.999%) and liquid nitrogen for thermo-
stating (99.8%) were obtained from Carbagas (Lau-
sanne, Switzerland). The silylating agents (purity
> 98X) N-[(3,3-dimethylbutyl)dimethylsilyl]-N,N-
dimethylamine and N-(tetradecyldimethylsilyl)-N,
N-dimethylamine were synthesized in our labora-
tory [37].  Acetonitrile (AN) for HPLC from Am-
mann Technik (Kolliken,  Switzerland) was used as
received. Doubly distilled water (W) was prepared
by distilling deionized water over potassium per-
manganate in a Fontavapor-285 Pyrex glass still
from Biichi (Flawil, Switzerland). The solutes, re-
search-grade deuterated compounds (isotope purity
>99.5%)  D2H20 and CD2H3CN  (W* and AN*)
from Chemie Uetikon (Uetikon, Switzerland) and
research-grade 1-alkanols, 2-alkanols, 2-alkanones,
1-alkyl acetates, n-alkanes and 2,2_dimethylalkanes
from Fluka (Buchs, Switzerland), were used as
received.

Chromatographic columns
Column materials were prepared by reaction of

vacuum-dried (10 - 3 Torr at 120°C for 10 h) LiChro-
sorb Si 100 with R-dimethyl(dimethylamino)silane
(ca. 15 pmol/m2) at 180°C  for 100 h, following the
reported procedure [I]. Surface concentrations of
the siloxy substituents, TsoX, listed in Table I were
calculated with the carbon content of the silylated
products measured by elemental analysis and with
the BET specific surface area of the unreacted silica,
using the equation given previously [38].  The col-
umns used and the procedure for column packing
were described in detail previously [39].  Columns
were dried at 120°C in a stream of argon and the
mass of the stationary phase in the column, mg, was
determined by weighing (see Table I). This operation
was repeated after having finished all chromato-
graphic experiments. After 2 years of use no signiti-
cant loss of the stationary phase mass was observed
[39].  The surface area of the adsorbent in the
columns was assumed to be equal to that of the
unmodified silica [40], given by

S = sms{  1 + 10-6T,,,s[M(R)  - corr]) -’ (18)

where s (m2/g) is the specific surface area of the

TABLE I

CHARACTERISTICS OF THE STATIONARY PHASES
AND COLUMNS USED

f,, is the surface concentration of the akyldimethylsiloxy
substituent, mg is the mass of the adsorbent and S is the surface
area of the adsorbent, assumed to be equal to the surface area of
the silicon dioxide in the column. Standard deviations are given in
the bottom row.

Stationary phase

G r a f t  TWX
@mol/m2)

DMB 3.85
Cl4 4.09
S.D. kO.02

Column

z

1.302 334
1.547 352

~0.002 *4

unmodified silica, rsoX (pmol/m2) is the surface
concentration of the graft, M(R) is the molar mass
of the trialkylsilyl substituent and corr (= 2.5) is
a correction for proton substituted and water de-
sorbed during silylation [38].  Column characteristics
are listed in Table I.

Apparatus
Nitrogen adsorption isotherms were measured

with a modified Sorptomatic 1800 apparatus from
Carlo Erba (Milan, Italy) [38].  The carbon contents
of the column materials were determined with a
Model 240B elemental analyser (Perkin-Elmer, Nor-
walk, CT, USA).

The chromatographic apparatus was described in
detail previously [41].  It was an assembly of a
Model 510 solvent-delivery pump, a Model U6K
injector (loop volume 1 ml) and a Model 410
differential refractometer detector (cell volume 10 pl),
all from Waters (Milford, MA, USA). Columns
were mounted in parallel in a thermostated bath at
20.0 + O.l”C. Retention times (tR)  were measured
with a Model SP4290  integrator (Spectra-Physics,
Santa Clara, CA, USA). The flow-rate of the eluent,
e,,, was measured at 20.0 + O.l”C with a reproduc-
ibility of 0.005 ml/min;  it had a long-term stability of
+0.2%.  The nominal flow-rate was 2.0 ml/min
throughout. Retention volumes (V,) were calculated
from retention times and the actual flow-rate. The
mean column pressure (P,) was approximately half
of the inlet pressure (typical values P, = 20-50 bar).
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Experiments
General. The binary AN-W eluent mixture of the

appropriate composition, prepared by weighing an
amount sufficient for all experiments on both col-
umns, was degassed by bubbling helium through the
mixture and kept under a slight helium overpressure
(0.07 bar) during the experiments. The columns were
equilibrated with the eluent of a given composition
for 10 min.

Hold-up volume. First, pure W and AN were
injected in order to identify the binary concentration
peak (system peak), followed by mixtures of AN-
W* and AN*-W of the same composition (mol/mol)
as that of the eluent to give the retention volumes
VR,W'and VR,AN*(~* and AN* represent deuterated
water and acetonitrile, respectively). The system
hold-up volume, V,,/NA, was calculated with eqn. 7.

Solutes. Members of different homologous series
(I-alkanols,  2-alkanols, 2-alkanones, I-alkyl ace-
tates, n-alkanes and 2,2_dimethylalkanes)  were in-
jected and their retention times were measured.
Weakly retained solutes were dissolved in the binary
eluent in a ratio of up to 1:20 (v/v); solid solutes were
injected in ethanol solution. Typical volumes in-
jected were 0.5-1.5 ~1, always aiming at the smallest
possible reproducible signal. Measurements were
made on both surfaces at eluent compositions listed
in Table II and repeated at least seven times at each
eluent composition. The reproducibility of the reten-
tion volume of the deuterated eluent components
was orei = +0.4% and that of the solutes was
(~,,i  < f0.8%. Each solute, except solids, was also
injected as a pure substance for the determination of
the sign of the associated system peak.

Evaluation of asymmetric peaks
In Fig. 3 are shown chromatograms of n-heptane

on the DMB surface at the eluent composition
cpw = 0.293. It was observed that the chromato-
grams obtained with different amounts injected
followed the same trace at the fronting side. In order
to determine the retention time at zero sample
volume, it was assumed that the peak broadening in
the column could be estimated from the narrow rear
side of the peak. If this side corresponded to half of a
Gaussian distribution, the standard deviation of the
peak broadening can be determined from the dis-
tance between the mode and the intercept of the
tangent of the rear side of the peak with the baseline,

I

tR,max

inj

I

20 20

Fig. 3. Evaluation of the retention time of a solute eluting with
asymmetric peaks. It shows the superposition of a series of
fronting peaks obtained by injecting different volumes of n-hep-
tane (2.0.1~1)  at ‘pw = 0.293 onto the DMB-covered surface. It
was assumed that the contribution to the standard deviation of
the peak dispersion on the fronting side can be estimated from the
dispersion of the (non-tailing) rear side of the peak. With this
hypothesis, the retention time of an infinitesimal sample, tR,corr,
could be constructed.

equalling 20 (see Fig. 3). Admitting that the same
peak broadening is valid for the front side, the
correct peak position should be at a distance of 20
from the intercept of the tangent of the front side
with the baseline. This evaluation was applied to all
n-alkanes and 2,2_dimethylalkanes.

In several instances the opposite situation was
found, with tailing peaks. Injection of different
amounts of I-butyl  acetate onto the Cl4 surface at
the eluent composition cpw = 0.602 gave the mirror
image of Fig. 3. For the determination of the peak
position at zero amount injected, the analogous
evaluation was applied. Tailing peaks were observed
on both columns for 1-alkanols and 2-alkanols at
VS,su,VNA > 12-15 pl/rn’, for 2-alkanones at VS,su/vNA  >
3-4 pi/m’  and for I-alkyl acetates at VS,su,vNA  > 7 -
8 pl/m2.

Retention data
In Table II are listed the experimental area1

retention volumes of solutes at different eluent
compositions, qw, referring to the vNA convention
on the DMB-covered surface, V$$NA, and on the
Ctd-covered  surface, V&,VNA, calculated with eqn. 9.
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TABLE II

AREAL RETENTION VOLUMES, VS,su,vNA  p( l/m2),  ON DMB- AND C,,-COVERED  STATIONARY PHASES AT DIFFER-
ENT VOLUME FRACTIONS OF WATER, ‘pw, IN THE ACETONITRILE-WATER BINARY ELUENT

The column temperature was 20.0 f O.l”C.  Data on the C,,- covered adsorbent are in the second rows in italics. The sign of the
associated system peak (’ if it is rich in AN) given as superscript.

Solute ‘pw

0.028 0.057 0.095 0.193 0.293 0.373 0.445 0.518 0.602 0.685 0.757 0.829 0.908 0.946 0.973

I-AIIunols

Methanol

Ethanol

I-Propanol

I-Butanol

I-Pentanol

0.34- 0.14-  0.05- -O.%+ -0.43+ -0.46+ -0.50+ -0.39+ -0.48-  -0.20- - 0 . 1 9 ’  0.14- 0.44- 0.79- 1 . 2 4 -
0 . 2 0 -  0 . 0 5  -0.05- -033+ -0.45+ -0.46+ -051+ 0.47+ -0.40-  -0.18-  -OX- 0 . 0 9  0.32- 0.70- 1.08-
0.16’ O.lO+ 0.09+  -OX+ -OX+ -0.24+ -0.22+ -0.13+ 0.12+ 0.19+ 0 . 3 4 ’  0.76- 1.32- 2 . 5 3 ’  3.66-
0.25 O.OB+  0.03+ -1X17+  -OW+ -0.25+  -020+ -0.15+ 0.20+ 0.18+ 0.30- 0.68- 1.21- 2.65- 3.80-
0.22+ 0.17+ 0.16+ O . O O +  O.lO+  0.23+ OSJ+  O.sS+  0.99+ 1.39+ 2.04+ 3.04+ 6.03+ 9.25+ 121+
0.42+ 0.24+ 0.20+ 0.06+ 0.17+ 0.29+ 055+ 0.61+ 1.13+ 136+ 1.96+ 2.58+ 6.05+ 9.72+ 14.8+
0.34+ 0.31+ 0.31+ 0.30+  0.51+ 0.90+ 1.41+ 210+ 2.93+ 4.28+ 6.38+ lO.O+  19.4+  X9+ 44X4+
0.58+ 0.45+ 0.38+ 039+ 0.56+ l.Ol+  1.52+ 2.08+ 3.13+ 4.52+ 6.59+ lO.O+ 22.0+ 35.7+ 573+
0.51+ 0.48+ 0.49+ 0.59+  1.04+ 1.74+ 267+ 3.7’3+ 5.88+ 9.28+ 16.1+  26.7, 60.8+ 94.3+ 143+

I-Hexanol

I-Heptanol

I-Nonanol

I-Undecanol

I-Tridecanol

I-Tetradecanol

I-Hexadecanol

l-CktadecanoI

I-Eicosanol

2-Alkanola

2-Propanol

0.86+ 0.74+ 0.70+ 0.95+ 1.29+ 2.10+ 3.01+ 4.18+ 6.77+ 10.7+ 17.7+ 31.6+ 80.9+ 143+

0.63+ 0.67+ O.iS+  l.Ol+ 1.76+ Z84+ 4.33+ 6.47+ 11.2+  18.3+
1.20+ 1.16+ 1.19+ 1.62+ 2.41+ 3.68+ 532+ 7.7l* 13.9*  23.4+
0.87+ 0.91+ 1.02+  l.S4+ 2.52+ 3.%+  6.14+ 10.4+  17.0+  36.4+
1.53+ 154+ l&k+ 235+ 3 . 5 3 ’  5.19+ 7.61+ 143+ 21.6+ 543+
1.40+ 158+ 1.79+ 3.26+ 5.48+ 9.50+ 14.8+  23.2+ - -
3.14+ 3.!X*  4.03+ 626+ 10.4+ 15.8+ 27.6+ 44.5+ - -
2.11+ 261+ 298+ 6.11+ 10.4+ 17.0+ 36.6+ 54.2+ - -
5.81+ 6.92+ 8.43+ 15.1+ 26.1+ 42.9+ - - - -
282 3.81 4.39 9.37 17.5 30.9 - - - -

10.4 133 17.1 32.0 61.1 108 - - - -
3.36 4.59 5.74 - - - - - - -

13.9 18.2 24.0 - - - - - - -
4.78 7.02 10.4 - - - - - - -

23.1 33.7 44.0 - - - - - - -
6.79 9.59 - - - - - - - -

38.1 57.0 - - - - - - - -
9.57 14.1 - - - - - - - -

613 99.4 - - - - - - - -

36.7+  7X1+ -
48.6+ lOl+ -

0.28+ 0.18+ 0.17+ O . O O +  -0.02+ O.OS+  0.14+ 0.31+ 0..56+  1.04+ 1.37+ 228+ 4.62+
0.42+ O.lB+  0.17+ 0.06+ O.OO+  0.06+ 0.15+ 031* 0.7l+  O.!#+  132+ 2.W+ 4.49*

7.17, 10.0+
7.72+ 115+

fButano1

ZPentanol

2-Hexanol

0.34+ 0.31+ 0.23+ 0.24+  0.40+ 0.73+ 1.09+  1.64+ 214+ 3.20+ 4.48+ 7.20+ 14.3+ 20.9+ 30.6+
058+ 0.40+ 037+ 034+ O/45+ 0.77+ 1.12+ l&I+ 239+  3.20+ 4.52+ 6.93+ 15.2+ 24.6+ 405+.
0.51+ 0.49+ 0.44+ 0.519~  0.93+ lSO+  2.2S+  3.12+ 4X2+  7.05+ 11.3+  19.9+ 4X4+ 67.7+ 109+
0.86+ O.M+  0.67+ 0.79+ 1.12+ 1.75* 2.46+ 3.48+ 5.20+ 7.53+ 11.9+ 212+  53.1+  92.0+ 161+

0.63+ 0.67, O&6+  l.Ol+ 1.64+  256+ 3.84+ 5.47+ 9.05+ lS.O+  Z’S+ 53.7+ - - -
1.14+ 1.05+ 1.09+ 1.45+  2.07+  3.22+  4.94’  6.15+  ll.l+ 17.6+ 32.0* 649* - - -

(Continued on p. IO)
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Solute ‘pw

0.028 0.057 0.095 0.193 0.293 0.373 0.445 0.518 0.602 0.685 0.757 0.829 0.908 0.946 0.973

P-Alkanonee

Propanone 0.16+ 0.18+ OS+ 0.12+  0.28+  0.44+ 0.70+  0.89+ 1.08+  1.57+ 1.81+ 251+ 3.91+ 5.&i+ 8.69+
031+ 0.18+ 0.20+ 0.17+ 0.28+ 0.53+ O&J+ 0.80+ 139+ 1.54+ 1.81+ 235+ 4.20+ 6.46+ 953+

Butanone

2-Pentanone

PHexanone

2-Heptanone

2-Nonanone

I-dkylacetates

Ethylacetate

I-PropylaMate

I-Butydacetate

I-Pentylacetate

I-Heptylacetate

I-Decylacetate

n-Alkanea

Pentane

Hexane

Heptrrne

Nonane

Dodecane

0.28+  0.31+
0.47+ 038+
0.40+ 0.47+
0.70+ 0.64+
0.57+ 0.64+

0.97+ 0.96+
0.75+ o.B8+
131+ 139+
1.17+  1.48+
2.X+ 2.71+

0.32+ 0.47+ O.B3+ 1.25+ 1.72+  2.35+ 3.16+  3.79+ 4.75+ 7.43+ 12.7+
0.43+ 0.62+ OS+ 1.47+ 1.72+ 2.28+ 3.5of 4.01* 5.54+ 7.73+ 13.5+
OS+ O.i7+  1.46+  2.07+ 3.07+ 4.17+ 6.35+ 9.53+ 12.9+ 19.3+ 36.9+
0.76+ l.Ol+ 1.74+ 2.49+ 3.84+ 4.4? 7.65* 105- 14.7* 22.1+ MO+
0.83+ 1.24+  2.29+ 3.38+ 5.01* 7.2of  12.5-  19.2- 30.9-  52.3-  -
X17+  1.68+ 2.86+ 3.99f 6.5of 9.Osf 14.9- 23.5- 39.4-  65.9- -
1.08+ 1.&Q+  3.29+ 4.99+ 7.nf 13.0- 23.8- 39.5- - - -
1.73+ 2.63+ 4 . 6 6 ’  6.47*  1 1 . 4 ’  16.3- 30.4- 53.0- - - -
1.93+  3.44+ 6.55+ 10.6+  2O.of 31.3-  - - - - -
3.59+ 5.81+ 12.1’  18.9- 31.3- 52.0-  - - - - -

0.34+ 0.35+ o.so+ on+ 1.22+  1.68+  2.d 3.53* 5.23- 7.02- 9.89+ 13.5+ 23.9+
0.53+ 052+ 0.59+ 0.84+ MO+ 2.01+ 2.65* 3.75* 6.Oof  7.92, 10.9+ 14.6+ 27.3+

0.51+ 0.61+ 0.77+ 1.07+  1.99+  3.04+ 4.d 6.d 11.6-  15.5- 23.7-  37.7c 75.4+

0.86+ 0.82+ 0.95+ 1.45+ 2.47+ 3.51+ 4.85* 7.96 12.of 1 7 . 8  28.7-  4 4 . 7 ’  MO+
0.63+ 0.81+ 1.02+ 1.66+  2.94+ 4.52+ 7.02* 11.T 21.0- 31.2- 55.7-  lOl-

1.14+ 121+ 1.49+ 2.24+ 3.98+ 5.66+ 9.59 14.of 24.6- 40.7- 79.7- 142’

0.87+ 1.07+  1.32+  225+ 4.18+ 6.64* 11.5* 18.3- 36.9- 62.3- - -

1.47+ 1.71+ 2.10+ 3.41+ 6.12+ 8.87* 15.g 24.4- 48.8- 92.4- - -
1.34+  1.72+  2.45+ 4.27’+ 8.26+ 13.9 26.& 41.T - - - -
2.70+ 331+ 4.23+ 8.60+ 15.9+ 25.7f 43.sf 78.4- - - - -
2.47+ 3.45+ 4.43+ 10.6+  20.4’ 37.0’ 51.3- - - - - -
6.36+ 103+ 122+ 273+ 565* lOl- - - - - - -

1.07- 2.41-  3.48’ 5.33’ 10.0’ 15.5’ 26.5-  47.4-  - - - -
4.4z0 5.81’ 6.93’ 12.8” 226 37.00 - - - - - -
2.171 2.77-  3.90’ 6.81_ 13.4- - - - - - - -
6.0$ 7.93’ 10.1’ 19.$ 35.90 - - - - - - -
2.76’ 3.42-  4.21’ 889- 18.5- - - - - - - -
8.20” 11.0“ 13.9“ 289 55.60 - - - - - - -
3.47-  4.17-  5.22’ 11.T 26.2-  - - - - - - -

ll.oa 15.10 19.70 41.70  88.10 - - - - - - -
4.30“ 4.87” 6X@’  15.1“ 33.0- - - - - - - -

14.60  20.4’ 27.4’ 6.34 1370  - - - - - - -
6.560 9.040 - - - - - - - - - -

326 51.6 _ _ _ _ _ - - _ - _

17.9+  27.6+
20.0+ 33.6+
53.1+ 84.0+
67.9+ 115+

33.6+
42.7+
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TABLE II (continued)

Solute

0.028 0.057 0.095 0.193 0.293 0.373 0.445 0.518 0.602 0.685 0.757 0.829 0.908 0.946 0.913

2,2-Dimethylalkanea

~2~Dhethyl-
butane

2,2-Dimethyl
pentane

2ZDimetbyl-
hexane

1.94-  2.77’ 3.38- 6.16- 11.6-  18.8’ - - - - - - - - -
4.86 650s  7.97“ 15.4’ 279’ 456 - - - - - - - - -
2.47- 3.59’ 4.45- f&12- 15.6-  26.8- - - - - - - - - -
6.64’ 9.09” 113’ 19.70 43.8” 72.9’ - - - - - - - - -
3.18’ 3.82’ 4.92- 10.8-  21.6” - - - - - - - - - -
8.64’ 123’  15.5’ 31.8” 65.2’ - - - - - - - - - -

The standard deviation of the area1 retention vol-
umes was calculated to be uv = k(O.08  +
0.0 12 ~S,su/vNA) d/m *. The sign %‘“;fie  associated
system peak is given as a superscript (’ and - for a
system peak rich and poor in AN, respectively).

RESULTS AND DISCUSSION

As indicated in the Introduction, adsorption
isotherms from AN-W mixtures are almost congru-
ent on the two chemically modified (DMB and Cls)
surfaces. Hence, the “hard” DMB surface can be
considered as a reference, and a difference in area1
retention volume on the Cl4 surface at the same
eluent composition can unequivocally be attributed
to the presence of the bonded alkyl chains. In the
following, first the dependence of area1 retention on
composition on the DMB surface will be discussed,
then the additional retention on the Cl4 surface. The
system peak accompanying the injection of a pure
solute can be positive or negative, i.e., rich or poor in
AN. An interpretation of the sign of this system
peak will also be given.

Solute retention as a function of eluent composition
The dependence of the area1 retention volume,

VS,su/vNA  , on eluent composition shows the often
reported general trend of increasing retention with
increasing water content and also with increasing
carbon number of the homologues. In Fig. 4 are
plotted, as an illustration, area1 retention volumes
on the DMB surface, ?‘,,:&A,  for homologous
1-alkanols as a function of the volume fraction of

water in the eluent, cpw. This example is particularly
interesting because several homologues could be
measured in the whole or in a broad concentration
range. This general trend is the same for other
homologous series and is also observed for data on
the Cl4 surface. The plot suggests that the composi-
tion dependence of the retention of all solutes
follows a similar law when choosing an individual
starting point for each solute on the composition
scale.

2

1

0.0 CPW 1.0

Fig. 4. Area1 retention volumes, VDMB  , of I-alkanols,
C,Hs, + I OH with z = l-20 as indicateds?he  DMBcovered
surface as a function of the volume fraction of water, cpw,  in the
binary AN-W eluent.
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Two equations are widely used to describe reten-
tion as a function of eluent composition. The most
often used, due to Snyder [42]  and Soczewinski [43],
proposes that the logarithm of retention is a linear
function of the logarithm of the volume fraction of
the organic component. The second equation, due to
Schoenmakers et al. [44], proposes a quadratic
expression for the dependence of the logarithm of
retention on the eluent composition. Neither equa-
tion is applicable to area1 retention volumes in the
vNA convention, Vs,suivNA,  because this retention
characteristic can be negative (e.g., methanol and
ethanol; see Fig. 4).

Area1 retention volumes determined with refer-
ence to the vNA convention, Vs,su,vNA,  differ from
those referring to a hold-up volume with a station-
ary layer of t = 15 A, Vs,su,lJ,  by a constant of
1.5 &m2, as explained under Theoretical Back-
ground (see eqn. 15). This area1 retention is never
negative because it corresponds to the minimum
layer thickness determined by the minimum slope of
the excess adsorption isotherm of the eluent compo-
nents [7].  Further, the area1 r retention volume with

i---Tk4-
10

1

7 = 15 A, vs.s”,ls, is roughly proportional to capac-
ity factors reported in the literature where the
hold-up volume has been determined with a solute
which at all compositions has been believed to be less
adsorbed than either component of the eluent.
Consequently, this area1 retention volume and/or
the related distribution coefftcient, Kn,,,,15, is suit-
able for examining the validity of the Snyder-
Soczewinski and the Schoenmakers equations:

In KD.su/lS  = A f BbAN (19)

ln KD,su/lJ  = a + &IV + c((Pw)~ (20)

Eqns. 19 and 20 were originally formulated for the
logarithm of the capacity factor. The distribution
coefficient, KD,su,l  5, is proportional to the area1
retention volume, hence it is also roughly propor-
tional to literature capacity factors. Consequently,
the original equations differ from eqns. 19 and 20 by
a common constant for all solutes.

At first sight, it is obvious that neither equation
can describe retention in the whole composition
range. Fig. 5 shows the plot of the logarithm of the

-- loo

-- 10

-- 1

Fig. 5. Illustration of the use ofeqn. 19 for the description of the composition dependence of the logarithm of the distribution coefficient.
InK,D~,B with a stationary phase thickness of r = 15 A on the example of I-alkanols, C,H,,+, OH with z = 1-13  as indicated, on the
DMI&covered  surface. Solid lines are traces of the linear regression of hG&+DMB fitted to experimental points in the composition range
pAN = 0.14.9.  The scale of the area1  r retention volumes is also shown.
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distribution coefficient on the DMB surface, In
jyDMB

D,su/l5  3 of the 1-alkanols as a function of the
logarithm of the volume fraction of acetonitrile in
the eluent, lrupAN. For comparison, the logarithmic
area1 r retention volume scale, In VgzTr5,  is also
shown in Fig. 5. It is seen that the plot is fairly linear
in the composition range 0.1 < (PAN < 0.9, with the
exception of weakly retained homologues. The
Snyder-Soczewinski plot for other solutes confirms
these qualitative conclusions. Based on the under-
lying model the slope, B, of eqn. 19 should be
proportional to the molar volume of the solutes.
Fig. 6 shows the plot of the constant B of all solutes
on the DMB surface as a function of the molar
volume. The plot is strongly curved for weakly
retained solutes, and further, the constant B seems
to depend also on the polarity of the solutes.

The applicability of eqn. 20 is illustrated in Fig. 7,
where solid lines represent quadratic regressions in
the composition range 0.0 < cpw < 0.9, where the
representation of experimental points by eqn. 20 is
very satisfactory as was pointed out by Schoen-
makers et al. [45].  The dotted lines show the
quadratic regressions if all points are included in the

6

4
4

13

2

0 - vsu
0 100 200 mlmol-’

Fig. 6. Value of the constant BEMB  (slope) in the linear regression
eqn. 19 (the logarithm of the distribution coefficient, lnKE.$
with r = 15 8, vs. the logarithm of the volume fraction of AN in
the eluent, Incp,,) as a function ofthe molar volume of the solutes,
v,,. Experimental points outside the composition range qAN  =
0.14.9 were not considered for the regression (see text and
Fig. 5). 4 = n-Alkanes; v = 2,2_dimethylalkanes;  0 = l-alka-
nols; 0 = 2-alkanols; LI  = 2-alkanones; V = 1-alkyl acetates.

100

10

1

Fig. 7. Illustration of the description of the composition dependence of the logarithm of the distribution coefficients,  I&$$,,  calculated
with r = 15 A, by eqn. 20 as a function of the volume fraction of water, cpw. in the binary AN-W eluent on the example of I-alkanols,
CzH 2z+ rOH with z = 1-13 as indicated, on the DMB-covered surface. Solid lines are traces of the quadratic eqn. 20 fitted to points in the
range cpw = O&0.9;  dotted lines are traces of eqn. 20 fitted to all experimental points including those in the water-rich region. The scale of
the areal  T retention volumes is also shown.
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whole composition domain. It is interesting that this
regression is suitable for extrapolation to pure
acetonitrile as eluent but gives erroneous results for
pure water. Based on the underlying model [44], the
value of the volume fraction of water at the mini-
mum retention, (Pw,min, either real or hypothetical,
calculated from the quadratic regression for moder-
ately retained solutes, should be related to the
Hildebrand solubility parameter of the eluent com-
ponents, dAN  and bw, and that of the solute, 6,,,
according to

(Pw,min  = -b/2c = (6,~  - 6,4N)/(bW - 6AN) (21)

In Fig. 8 the experimental value of the volume
fraction of water at minimum retention, (PW,min(eXP),
is plotted as a function of the value predicted by
eqn. 21 for weakly retained solutes. The correlation
is poor.

In summary, the two-parameter eqn. 19 describes
solute retention as a function of eluent composition
in the domain cpw = 0.14.9,  whereas the three-
parameter eqn. 20 is applicable in the range cpw =
0.0-0.9.  With these restrictions in mind, both equa-
tions are well suited for interpolation but are poorly
related to their respective underlying models.

0 :

0.2 - q ,:.

0
0 ,'

o on0
..:.

0.0
.:'

-8 q .:. * d$i?m ('h'
.:'

:

-0.2 k' I I 1 ------c

-0.2 0.0 0.2 0.4 0.6

Fig. 8. Composition of the binary AN-W mixture at which
retention is minimum on the DMB-covered surface, &niiin,  as a
function of its theoretical value. Experimental minima are
calculated from eqn. 20 fitted to experimental points in the range
cpw = 0.0-0.9;  theoretical composition of the binary eluent at
minimum retention is calculated with eqn. 21. 0 = I-Alkanols;
0 = 2-alkanols;  0 = 2-alkanones.

Additional retention on the Cl4 surface
Area1 retention volumes as a function of eluent

composition show similar trends on the Cl4 and
DMB surfaces. For a first comparison, regression
coefficient of the Snyder-Soczewinski equation were
calculated in the range cpw = 0.1-0.9  on both ad-
sorbents by using distribution coefficients, Kn,,,i1 5.
In Fig. 9 is shown the plot of the intercept, A, of
eqn. 19 on the Cl4 surface as a function of the
intercept, A, obtained on the reference surface,
DMB. Fig. 10 shows the analogous plot of the
constant B in eqn. 19, showing that the value of the
constant is about the same on both surfaces. The
value of the intercept A is also the same on both
surfaces for weakly retained solutes, whereas for
more strongly adsorbed solutes the intercept A on
the Cia surface is about twice that on the DMB
reference. Intercept A is interpreted as the logarithm
of the distribution coefficient in a hypothetical pure
acetonitrile (recall that eqn. 19 is only valid up to
(PAN  = 0.9). In summary, the distribution coefficient
at (PAN  = 1 of weakly retained solutes is the same on
both surfaces, whereas for strongly retained solutes
they are related by

K&ii5  = (K:,%# ((PAN= 1) (22)

-1 0 1 2 3

Fig. 9. Plot of coefficients A of the Snyder-Soczewinski equation
(eqn. 19) fitted to experimental points determined on the Cr.,
graft as a function of those found on the DMB reference surface.
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6.;

+

a
D

0T0.b

0 2 4 6

Fig. 10. Plot of the slope B of the Snyder-Soczewinski equation
(eqn. 19) fitted to experimental points determined on the C,,,
graft as a function of those found on the DMB reference surface.

0 2 4 6 8 10

I
I - V!g?$/~~*~

0 2 4 6 8 10

Fig. 11. Additional area1 retention volumes on the C14-covered
surface, d Vz$, plotted as a function of area1 retention volumes
measured on the DMB reference surface, Vt$,Na, at the
composition cpw = 6% of the AN-W binary eluent. The scale of
the area1 r retention volumes, with T = IS A, is also shown.
A = n-Alkanes; ‘I = 2,2_dimethylalkanes;  A = I-alkanols; V =
2-alkanols; 0 = 2-alkanones;  0 = I-alkyl acetates.

The change in correlation laws suggests different
retention mechanisms for weakly and strongly re-
tained (adsorbed) solutes.

In order to examine differences in retention in the
whole composition range, let us examine the behav-
iour of the function A@::  defined as

(cpw = constant) (23)

i.e., the additional area1 retention volume on the Cl4
surface at the same eluent composition. This addi-
tional retention is independent of the hold-up vol-
ume definition. As examples, in Figs. 11 and 12
additional retention volumes are plotted as a func-
tion of the area1 retention volumes on the reference
surface, VE$NA, at two different eluent composi-
tions. The latter retention measures the adsorption
strength of the solute on a “hard” non-polar surface.
It is seen that the additional retention is independent
of the nature of the solute. As a main effect, the
additional retention is proportional to retention on
the reference surface, DMB, where its dependence

0 5 10 15 20 25

I - vg,g$  / N Hi-*

0 5 10 15 20 25

Fig. 12. Additional area1 retention volumes on the C,,covered
surface, A VCtr  1s,sU, p otted as a function of area1 retention volumes
measured on the DMB reference surface, VfzvN,, at the
composition ‘pw = 29% of the AN-W binary eluent. The scale of
the area1 7 retention volumes, with r = 15 A, is also shown.
Symbols as in Fig. 11.
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can be approximated by the following one-param-
eter equation:

In Fig. 13 the coefficient C(cpw)  is plotted as a
function of the composition of the eluent, 4~~. It is
seen that the dependence of the additional retention
on adsorption strength decreases with increasing
water content in the eluent. In Fig. 14 the additional
retention is plotted as a function of composition,
cpw,  and area1 retention volume on the reference
surface, Vz’$,NA,  as a three-dimensional graph. As a
general rule the retention increasing effect of the C1,
graft is zero for slightly retained solutes and is less
and less pronounced with increasing water concen-
tration in the AN-W mixture.

The sign of the system peak
The slight perturbation of the composition of an

m-component eluent gives rise to a set of m - 1
system peaks (also called concentration peaks [6]  or
eigenpeaks [46]). Injection of a small amount of an
n-component solute mixture also perturbs the com-
position and will result in m + n - 1 peaks, of which
n are called solute peaks and the remaining m - 1 are

Fig. 13. Plot of coefficient Cin eqn. 24 (logarithmic scale) relating
additional retention on the C,, surface to the square of area1
retention on the DMB surface as a function of the volume
fraction of water in the binary AN-W eluent. The dotted line is
the trace of the cubic polynomial regression of the logarithm of C
on the volume fraction of water.

Fig. 14. Additional retention volume on the C,, surface, d I’,“;;,
as a function of the area1 retention volume ofsolutes on the DhiB
reference surface, Vz$flvNA, and of the volume fraction of water in
the binary AN-W kluent, ‘pw. The surface is calculated with
eqn. 24 using coefficients C(cpw)  obtained by the regression
shown in Fig. 13.

the associated system peaks. A solute peak will
comprise one of the solutes contained in the solute
mixture together with the m components of the
eluent but, as a general rule, the concentration ratio
of the eluent components will be different from that
of the eluent mixture. The m - 1 associated system
peaks, each having a different composition, contain
only the y1 components of the eluent. The mathemat-
ical treatment of such a general case leads to the
DeVault matrix [47]. An eigenvalue of the matrix
corresponds to the retention characteristics of a
peak [6,35,46,48]  whereas the associated eigenvector
is the composition in the column section where the
peak is located [47,49,50].  Although the mathemat-
ical solution is known, “. . . it remains difficult to
develop an intuitive direct understanding of the
phenomena”, as pointed out by Poppe [SO]. Never-
theless, several attempts have been made to relate
concentration changes under the peak to solvent
displacement by the solute at the liquid-adsorbent
interface [5 1,521  or to its preferential solvation in the
eluent [53]  or to a combination of both [46].

In a binary eluent mixture the phenomenon is
greatly simplified as there will be only one system
peak with invariant retention. Its retention volume is
proportional to the slope of the excess adsorption
isotherm of the binary eluent (see eqn. 6). In the
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binary organic solvent-water mixture, a slight per-
turbation may be induced either by injection of the
organic component or by injection of water, both
provoking a system peak of the same retention and
magnitude but of the opposite sign. In the following
we shall designate a system peak as positive if it
originates from injection of the organic component,
and consequently the composition under the peak is
richer in the organic component compared with the
eluent, and as a negative system peak in the opposite
case. As a general rule, the system peak also appears
when a pure solute or a mixture of solutes is injected.
As already noted by Melander et al. [46],  the
amplitude of the system peak which accompanies
the peak of a pure solute, its “associated system
peak”, gives valuable additional information on the
adsorption mechanism of the solute in question.

Let us put forward the question of the sign and
amplitude of the associated system peak. In Fig. 15
is illustrated the origin of the system peak for two
extreme situations. In the first case, for a non-retain-
ed solute, there will be a concentration change in the
binary eluent by preferential solvation. The corre-
sponding excess solvation isotherm (see Fig. 15a)
can be deduced by analogy with excess isotherms
observed on adsorbents. A non-polar solute (N in
Fig. 15) will have a (+)U-type solvation isotherm,
where the sign (+ ) designates an organic-rich
solvate layer. An amphiphilic molecule (A in Fig. 15)
should have, as a general rule, a (- / + )S-type
isotherm, i.e., it will be preferentially solvated by
water at low water concentrations (strong interac-
tion of water with the hydrophilic head) and by the
organic component at high water contents. Finally,
solvation of a polar-type molecule (P in Fig. 15)
must have a (-)U-type excess isotherm. In the
column section where the solute is dissolved there
will be a perturbation of the eluent composition of
the opposite sign. Consequently, non- or weakly
retained non-polar solutes will provoke a negative
system peak, a non-retained polar solute will give
rise to a positive system peak and the sign of the
system peak associated with a non-retained amphi-
philic molecule will change the sign from positive to
negative with increasing water concentration. It is
obvious that the sign of the system peak of a
non-retained solute is independent of the nature of
the adsorbent.

For the second extreme case of a strongly retained

N A
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P

(-NJ

b Solvated  solute  molecules:

d DMB  surface with  ridmbed  sulute  moleculca:

e Cl4 surface with adsorbed solute molecules:

Fig. 15. Illustration of preferential (excess) adsorption on the
surface of a non-polar adsorbent and of the preferential solvation
of N =non-polar, A =amphiphilic and P =polar  solutes in
contact with an organic liquid-water (O-W) binary mixture. (a)
Solvation excess isotherms of solutes of different polarity as a
function of the water content in the O-W mixture: (+)U-type
isotherm of non-polar solutes (N), (-/+)S-type isotherm of
amphiphilic solutes (A) and (-)U-type isotherm due to preferen-
tial solvation by water of polar solutes (P). (b, c) Solvation/ad-
sorption layers from the O-W mixture at some intermediate
composition; (b) preferential solvation of solutes and (c) organic-
rich adsorption layer near the non-polar surface in the absence of
solutes. (d, e) Change of the adsorption layer in the presence of
different types of adsorbed solutes on the hard DMB and the
penetrable Cl4 graft, respectively.

solute, the effect of preferential solvation can be
neglected. In fact, such a molecule will most of the
time be adsorbed and constitute part of the surface
of the adsorbent. In Fig. 15~  is illustrated the
preferential adsorption of the organic component of
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the eluent on a non-polar surface, such as DMB and
Cid, following a (+)U-type excess isotherm. This
isotherm will be only slightly perturbed by an
adsorbed non-polar molecule on a hard-type non-
polar DMB surface (see Fig. 15d)  and even less on a
soft-type (Ci,) surface where the molecule can even
penetrate the surface layer (see Fig. 15e). Conse-
quently, there will be no or negligible perturbation
of the isotherm and no or negligible system peak.
Adsorption of polar-type and amphiphilic mole-
cules will provoke throughout the whole composi-
tion range a positive system peak as the surface will
become more hydrophilic with the adsorbed mole-
cule.

This qualitative discussion concerning the sign of
the associated system peak can be summarized as
follows:

solute: non-polar amphiphilic polar
cpw: low high low high low high
retention:

weak: + -
strong: 0 + + (1)

Based on similar arguments, Melander  et al. [46]
arrived at essentially the same conclusions. Let us
emphasize that all solutes have stronger retention at
higher water concentrations, cpw.  Consequently, at
low water content the sign of the system peak should
be discussed following the rules of a weakly retained
solute, whereas at high water contents the rules of
strongly retained solutes should be considered. The
observed sign of the associated system peak, listed in
Table II, is in accordance with this qualitative
discussion with the exception of methanol and
ethanol. In fact, the solvation isotherm was dis-
cussed by assuming that the molecule in solution is
an adsorbing “colloidal” particle having a surface
on which the small molecules of the eluent are
adsorbed. Solvation of small molecules such as
methanol and ethanol, comparable in size to the
eluent components, probably follows a different
rule. In Table II the superscript f is used to indicate
composition where the sign of the system peak was
not significant due to change of sign. This behaviour
was observed for some of the 2-alkanones and
I-alkyl acetates as amphiphilic solutes on both
surfaces at decreasing water concentrations for
higher homologues. The change of sign takes place
at about the same value of retention for a homolo-

gous series and corresponds to a compensation of
solvation and adsorption effects. On the DMB
surface, alkanes as non-polar solutes show a nega-
tive system peak which becomes zero at higher
retentions where the fraction of solute molecules
further away from the surface is negligible. The
absence of the system peak in such cases is indicated
in Table II with the superscript zero. No system peak
was observed for alkanes and isoalkanes on the C 1 4
surface where non-polar solutes might penetrate
into the liquid-like bulk of the Cl4 chains.

CONCLUSIONS

It has been shown that retention of a solute on a
non-polar adsorbent having grafted Cl4 chains can
be given as a function of its retention on the hard
non-polar standard DMB surface. Combination of
eqns. 23 and 24 gives
VA’kyl

S,sulvNA -- F%$NA(~ +  CA’ky’V?$t~~) (25)

The dependence of the area1 retention volume on
the DMB surface, VD;,MUftNA,  as a function of the
eluent composition can be described by eqns. 19 and
20 in their respective validity domains. Also, the
coefficient CAlkyl in eqn. 25 is a function of the
composition but, to a first approximation, indepen-
dent of the nature (polarity) of the solute, hence the
function CAiky’(cp w seems to be a characteristic of)
the (non-polar) stationary phase in question and of
the organic component in the O-W binary eluent.
On the Cl4 surface, it decreases from its highest
value in pure acetonitrile to very low values in the
water-rich region following an exponential law as a
function of the volume fraction of water, cpw.  Its
amplitude being a measure of the additional reten-
tion on the surface with alkyl grafts, we conclude
that the latter surface becomes increasingly similar
to the hard DMB adsorbent with increasing water
content.

In eqn. 25, the symbol of the area1 retention on the
surface with alkyl graft is designated by the super-
script Alkyl instead of Ci4, indicating that we
believe that this equation is of general validity for
non-polar adsorbents with grafted chains. The val-
idity of this generalization remains to be proved, but
its possibility is strongly suggested by findings on
such stationary phases reported in the literature (see
Introduction). In fact, the similar behaviour of such
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stationary phases has been repeatedly demonstrated
and it is generally admitted that additional retention
is positive and increases with increasing chain length
and increasing density of the graft. Obviously,
differences between such adsorbents will be ac-
counted for by the function CA’kY1((pw).

The excess adsorption isotherms at the interface
between the AN-W mixtures and the DMB and Cl4
adsorbents are nearly congruent, as shown in Fig. 1.
This result implies that acetonitrile does not pene-
trate the Cl4 surface, i.e., both surfaces are very
similar in contact with this eluent. On the other
hand, the additional retention of the solutes on the
Cl4 graft can only be explained if possible penetra-
tion of the solutes into the Cl4 surface is admitted.
With respect to solute behaviour, the similarity of
the surfaces is given by the amplitude of the function
CA’ky’(cpW),  and consequently the adsorbents resem-
ble each other most in contact with a water-rich
eluent. Indeed, it seems to be logical that the Cl4
graft is “softer” in contact with the organic compo-
nent and becomes harder and harder in contact with
water-rich eluents, where the Cl4 chains are increas-
ingly strongly excluded from the liquid by a similar
law that is valid for non-polar solutes such as
alkanes. Solid-state ‘H-NMR studies by Zeigler and
Maciel [54] of silicas covered by deuterated Cl8
chains in contact with liquids of different polarity
seem to confirm these conclusions.
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